Using a heterodyne near-field scanning microscope, the authors analyze the phase and amplitude of the electric field of an optical wave across the boundary of positive to negative refraction media. The photonic crystal acts as an extremely anisotropic material with a negative curvature of its dispersion surface whose shape is resolved experimentally. This extreme anisotropy results in the beam having a peculiar phase evolution through propagation that does not occur in isotropic media. A focusing wave is produced by negative refraction, which has diverging wave fronts before the internal focus and converging wave fronts after the focus. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2435344͔
Waves interact strongly with periodic materials when the periodicity is on the same order as the wavelength. Materials with periodic index perturbations are critical in the field of optics, for example, in thin film mirrors, spectrally dispersive devices, and waveguide couplers. Traditionally in these devices, analysis of the transmitted or reflected wave is the most important metric in understanding their performance. The field of photonic crystals ͑PCs͒ takes a slightly different approach, where the functionality occurs while the wave is traveling through the periodic media. Currently, a few devices work with a similar approach, such as fiber Bragg gratings, distributed feedback lasers, and periodically poled nonlinear elements, but these devices employ one-dimensional periodicity. Photonic crystal devices use two and three dimensionally periodic materials, which have the capability of more complex optical properties. 1 The optical response in these materials is a strong function of frequency, polarization, and wave vector. Arising from their anomalous dispersion properties, these materials support optical effects that do not occur in natural materials such as negative refraction, [2] [3] [4] [5] self-collimation, 6 and the superprism effect. 7 Observing waves inside the material that supports them is crucial for understanding their behavior.
When the wavelength of light is much larger than the unit cell size of a photonic crystal, the wave does not see periodic index perturbations and propagates isotropically. As the wavelength decreases, the wave starts to interact with different crystalline periodicities, which causes the dispersion curve to bend near each Bragg resonance. In a square lattice of air holes in a high index dielectric material, the first two Bragg peaks for transverse electric ͑TE͒ ͑E field in the plane of periodicity͒ waves are the first order interactions at the X point ͑in the ͗10͘ direction͒ and the M point ͑in the ͗11͘ direction͒. If the index contrast is large enough, the two Bragg resonances begin to overlap, opening a twodimensional ͑2D͒ band gap. Below the Bragg resonance at the M point there exist frequency regions exhibiting selfcollimation and negative refraction. Both of these effects arise from the directional band gap in the ͗10͘ direction, which induces a change in curvature of the dispersion surface in the ͗11͘ direction. Figure 1 shows the dispersion surface calculated with a three-dimensional expansion of plane waves and the supercell method using the slab's finite thickness. 8 Close to the band edge, incident light sees a circular equifrequency surface ͑EFS͒ centered not at the origin, the ⌫ point, but at the M point. While the direction of the refracted k vector is dictated by the conservation of tangential momentum and stays at a positive angle, the direction of the energy flow, the S vector, is dictated by this change of curvature and reverses to a negative angle. The angle between the refracted PC k vector and the refracted PC S vector is dependent on the incident angle and can be larger than 90°close to the directional band gap. This walk-off angle resembles that of natural anisotropic crystals, but the main difference here is that the PC's EFS is circular, which means that refraction of the S vector is isotropic, while the refraction of the k vector is extremely anisotropic. Based on the analysis of Fig. 1 , we designed and fabricated a negatively refracting photonic crystal structure on a 300 nm thick silicon-on-insulator ͑SOI͒ substrate. Figure 2 shows the guided wave amplitude in three different stages of the device as measured by the scanning near-field optical microscope ͑NSOM͒. First, light propagates through a 2 m wide ridge waveguide, where it has a fundamental mode width of 1.5 m. The mode then diffracts across a 15 m long region of unpatterned SOI substrate expanding to a width of 6.6 m. Finally, the beam refracts across the PC interface, which is a square lattice of holes orientated in the ͗11͘ direction. The Bloch mode excited in the PC negatively refracts and forms an internal focus 3 m behind the interface, which has a beam waist size of 2.6 m. Beyond the internal focus, the beam continues to expand through the PC.
Analysis of the field amplitude gives the profile of the wave, but misses the phase behavior that occurs at the positive to negative refraction interface and internal focus. In order to retrieve the full complex field of the guided wave, we make heterodyne interferometric measurements with the NSOM. [9] [10] [11] The signal detected by the near-field probe is coherently mixed with a frequency-shifted version of the laser signal and fed to a lock-in amplifier, where both the amplitude and phase are evaluated. 12 In order to resolve the details of the phase, the field is imaged under high resolution where the spatial samples have a period of 110 nm, which give four to five measurements per cycle.
Under high resolution, several interesting features are visible in the detected NSOM image shown in Figs. 3͑a͒ and 3͑b͒. The geometry of the PC appears in both amplitude, Fig.  3͑a͒, and phase, Fig. 3͑b͒, scans, showing that the wave in the crystal is a strongly modulated Bloch wave. Yet in this case, the phase fronts of the wave resemble those of a plane wave because only the first photonic band is excited. More interesting is that we can resolve the curvature of the wave fronts in the phase image both across the interface and into the PC. Unlike a normal focusing wave, the phase fronts are not converging and, on traversing across the interface from the silicon to the PC, their curvature does not change sign. The sign of the curvature does change at the internal focus where the wave fronts change from diverging to converging. The curvature of the wave fronts may be seen more clearly in the numerical simulation shown in Fig. 3͑d͒ . Wave propagation is modeled with a split step Fourier beam propagation method to calculate the complex field, using the transfer function,
where n m is the index inside the PC calculated from the radius of the EFS, ͱ 2 / a is the origin of the circular EFS centered at the M point, k 0 is the wave vector in air, and x is the spatial frequency in the transverse plane. This method accurately models the anisotropic EFS but ignores the periodicity of the crystal.
Analysis of the complex field allows us also to look at the spatial frequency components in Fourier space for both the silicon slab and the PC. Fourier analysis has been used recently to numerically analyze finite-difference timedomain ͑FDTD͒ simulation data in PCs to better understand the spectrum of momentum inside a crystal. 13 In this letter, we compare the 2D Fourier transform of the complex field data numerically calculated by the FDTD method and experimentally obtained by the heterodyne NSOM, as shown in Fig. 4 . The convex curvature of the PC EFS is resolved, compared to the concave shape of the silicon light line. The PC EFS is repeated at each M point in reciprocal space, but most of the energy is carried in the central order, experimentally estimated to have eight times more power than each of the other M points. The radius of curvature can also be resolved and is similar to that of an isotropic material with an index of 0.42. This value translates into a diffraction parameter that is more than twice that of air, where the diffraction parameter is defined as 1 / ͑k PC − k m ͒, where k PC is the momentum vector of the Bloch wave and k m is the reciprocal lattice vector at the M point. In addition to resolving the shape of the EFS, the spectrum also allows us to calculate effective phase velocities of the Bloch mode and silicon light line. From the spectrum, the effective index of the silicon is 3.02, which is very close to the value calculated with a three-dimensional vector mode solver. The effective index of the optical axis point of the negative refraction mode is experimentally determined to be 1.83, compared to what is calculated with the FDTD method and plane wave expansion, which is 2.21. The discrepancy is close to the error margin in our Fourier analysis judging from the fact that only seven spatial cycles of the wave have been measured, and the accuracy is good to one part in five. There is also a smaller circle centered at the origin in Fig. 4͑b͒ that is absent in Fig. 4͑a͒ . The size of this circle matches well to the second TE-like mode, which lies just above cutoff at an effective index of 1.6 and is not predicted by the 2D numerical model.
In summary, we have presented a quantitative near-field investigation on wave propagation in a negatively refracting PC structure. Direct observation of in-plane wave propagation showed internal focusing due to negative refraction. Furthermore, the complex field showed that the focusing wave fronts exhibited anomalous curvature. Anomalous wave front curvature is due to an EFS that has anomalous curvature, which was confirmed experimentally by Fourier analysis of the measured field amplitude and phase. We believe that the ability to observe and quantify the exotic dispersion properties of engineered materials is an important step in order to take full advantage of their properties.
